Introduction
============

RON (receptor originated from nantes) is a member of the *MET*-proto-oncogene family of receptor tyrosine kinases. RON belongs to the semaphorin superfamily composed of three protein families, the semaphorins, plexins and the MET family. All three families share an N-terminal sema domain that contains the ligand-binding domain and most possess an adjacent cysteine-rich domain.^[@bib1],\ [@bib2]^ The mature forms of RON and MET are ∼180 kD heterodimeric proteins comprised of an extracellular 40 kD α-chain and a 145 kD transmembrane β-chain with intrinsic tyrosine kinase activity. RON shares only 25% homology with MET in its extracellular domain but shares 63% homology within the tyrosine kinase domain. Macrophage stimulating protein (MSP) and hepatocyte growth factor (HGF) are ligands that activate RON and MET, respectively.^[@bib1],\ [@bib3]^

Ligand-induced activation of RON and MET transduces cell signaling through multiple targets including MAPK, PI3K/AKT, c-Src, FAK and β-catenin/TCF. RON and MET have essential functional roles in embryonic development and organogenesis^[@bib4]^ and numerous reports^[@bib3],\ [@bib5],\ [@bib6]^ show that RON and MET are overexpressed and/or aberrantly activated in various cancer types suggesting their potential importance as therapeutic targets. Overexpression of RON or MET in cancers is associated with poor prognosis.^[@bib7],\ [@bib8],\ [@bib9]^ RON and MET signaling mediates tumor progression, at least in part, by increasing proliferation, by inhibiting apoptosis and by promoting metastasis pathways.^[@bib7],\ [@bib10],\ [@bib11]^ Agents targeting RON and MET for cancer therapy are in various phases of clinical trials and/or pre-clinical testing and these include small molecular weight kinase inhibitors and neutralizing antibodies.^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15]^

Aberrant expression and activities of RON and MET in cancer are attributed to various mechanisms including increased expression of their ligands or receptors and activating mutations as reviewed by Lu *et al.*^[@bib16]^ and Gherardi *et al.*^[@bib4]^ Overexpression of MET but seldom RON is linked to gene amplification.^[@bib7],\ [@bib17]^ TGFβ negatively regulates *RON* transcription in a Smad-dependent manner; therefore, cancer cells that lose or have suppressed Smad signaling may show increased *RON* transcription.^[@bib18]^ HIF-1α was recently identified as a key positive regulator of *RON* promoter activity,^[@bib19]^ which is also consistent with the finding that hypoxia drives MET expression by upregulating HIF-1α.^[@bib20]^ Pro-tumorigenic activities of RON have also been attributed to different isoforms identified in cancer cells. At least six isoform variants of RON are known and these likely originate by alternative pre-mRNA processing, by alternative transcription or by truncation.^[@bib16]^ Thus, cancer cells may possess a variety of mechanisms that account for increased expression and/or activity of RON and MET.

The homology between RON and MET suggests that they may interact. RON and MET are reported to be co-expressed in several tumor types^[@bib21],\ [@bib22]^ and cross-talk between these two receptor pathways is known to occur.^[@bib23]^ A recent study in various types of cancer cells indicates that RON can be transphosphorylated by MET and that oncogenic addiction to MET requires co-expression of RON.^[@bib24]^ Thus, it is likely that signaling may be modulated in tumors co-expressing these two receptors and therapeutic strategies designed to specifically target one or the other could be problematic due to compensatory mechanisms. Studies from our laboratory and others^[@bib18],\ [@bib25],\ [@bib26]^ have reported that RON is overexpressed in pancreatic cancers and pancreatic cancer cell lines. A recent study showed that RON is increasingly expressed during progression of pancreatic cancer^[@bib27]^ and that RON expression is sustained in pancreatic cancer stem cells,^[@bib28]^ suggesting its potential value as a therapeutic target for this disease. Moreover, inhibiting RON expression suppressed growth of pancreatic cancer xenografts and increased sensitivity to gemcitabine. Interestingly, regrowth of one tumor showed increased expression of other phosphotyrosine kinase receptors.^[@bib26]^ These findings raise the possibilities that RON signaling may be modulated by co-expression of MET and that MET signaling could mitigate anti-tumor effects of inhibiting RON and vice versa.

In this study, we investigated the effects of inhibiting RON expression on cell signaling pathways and tumorigenicity in pancreatic cancer cells that co-express RON and MET. In these cells, RON and MET formed both homo- and heterodimers and the RON ligand MSP was able to activate MET. This study indicates that specific inhibition of RON delays but does not prevent tumor progression. Moreover, MET signaling is maintained and enhanced in pancreatic cancer cells where RON is knocked down. Thus, there is a dynamic interaction of RON and MET in pancreatic cancer cells. The consequence of this interaction on modulating signaling is not fully understood. However, using combination therapy or a dual kinase inhibitor of RON and MET will be more effective than specific inhibition of either target alone.

Results
=======

Knockdown of RON inhibits cell growth and clonogenicity
-------------------------------------------------------

RON is overexpressed in pancreatic cancer and this overexpression is correlated with tumor progression, suggesting that RON may be a valuable target for therapy.^[@bib27]^ Our laboratory previously found that knockdown of RON inhibited invasion of BxPC-3 cells.^[@bib18]^ In the current study, RON and MET expression was compared in seven pancreatic ductal adenocarcinoma (PDAC) cell lines and one hTERT-immortalized human pancreatic ductal cell line (HPNE). Five of seven PDAC cell lines expressed relatively high levels of RON (BxPC-3, Capan-2, CFPAC-1, AsPC-1 and UK Pan-1), one cell line (PANC-1) expressed a low level of RON; whereas RON was not detected in MIA PaCa-2 cells and in the immortalized HPNE cells ([Figure 1a](#fig1){ref-type="fig"}). MET was readily detected in five of the seven PDAC cell lines with trace levels observed in two PDAC cell lines (MIA PaCa-2 and UK Pan-1) and as with RON, MET was not detected in HPNE cells ([Figure 1a](#fig1){ref-type="fig"}). To further investigate the potential role of RON in the development and progression of pancreatic cancer, an shRNA approach was used to knockdown RON in BxPC-3 and CFPAC-1 cells (designated as Bx/shRON and CF/shRON, respectively). Western blotting and quantitative RT--PCR confirmed that RON was knocked down in these cells ([Figure 1b](#fig1){ref-type="fig"}). These two PDAC cell lines co-express RON and MET ([Figure 1b](#fig1){ref-type="fig"}). Interestingly, Bx/shRON and CF/shRON showed a slight increase in MET expression compared with the control cells ([Figure 1b](#fig1){ref-type="fig"}). *In vitro* studies showed that knockdown of RON inhibited cell growth at day 7 by an average of 59% for BxPC-3 and 42% for CFPAC-1 cells ([Figure 1c](#fig1){ref-type="fig"}) and reduced colony formation by 65% for BxPC-3 cells and by 33% for CFPAC-1 cells (see cells plated at a density of 500 cells/6 cm^2^ plate) compared with the controls ([Figure 1d](#fig1){ref-type="fig"}). MSP induced invasion in control BxPC-3 and CFPAC-1 cells, but did not induced in cells where RON was knocked down as determined by *in vitro* Matrigel assays ([Figure 1e](#fig1){ref-type="fig"}).

Knockdown of RON suppresses tumor growth and delays metastasis
--------------------------------------------------------------

To further study the effects of RON on PDAC tumor progression *in vivo*, Bx/vector and Bx/shRON cells were orthotopically implanted into the pancreas of athymic nude mice. Seven weeks after implantation, primary tumor and metastases were evaluated grossly and histologically. As shown in [Figure 2a](#fig2){ref-type="fig"}, downregulation of RON significantly suppressed tumor growth (*P*\<0.001 compared with the vector control group, *n*=15). The RON knockdown group revealed a striking reduction in hepatic hilar, peritoneum and mesenteric lymph-node metastases compared with the control group at week 7 after tumor cell implantation. Photographic images of resected livers and histologic tissue sections are shown in [Figure 2b](#fig2){ref-type="fig"}. Metastases observed in RON knockdown and control groups are summarized in the table at the bottom of this figure. Histological examination of the primary tumors showed no obvious differences between the control and RON knockdown groups ([Figure 2c](#fig2){ref-type="fig"}). Immunohistochemistry studies with RON and MET antibodies of primary tumors confirmed the reduced RON expression in tumors from Bx/shRON cells; whereas MET expression remained high in these tumors ([Figure 2d](#fig2){ref-type="fig"}).

Knockdown of RON delays but does not prevent tumor progression and metastasis
-----------------------------------------------------------------------------

To determine the long-term effect of knockdown of RON on tumor progression, we repeated the *in vivo* study using luciferase expressing Bx/vector cells and Bx/shRON cells. This allowed for *in vivo* monitoring of tumor growth and metastasis. Representative images of each group are shown at weeks 1, 3, 5 and 7 ([Figure 3a](#fig3){ref-type="fig"}). Mice from the control group developed fast growing primary tumors and metastases. By week 7, control group mice began to develop ascites and show signs of stress, at this point this group of mice was euthanized. The mice with tumors from the RON knockdown group were maintained for 2 additional weeks and monitored for tumor progression by luciferase imaging. At week 9, the RON knockdown group developed similar metastasis as observed from the control group at week 7, as shown by representative images of two animals ([Figure 3b](#fig3){ref-type="fig"}). This result indicates that inhibition of RON delays but does not prevent tumor progression and metastasis. Decreased RON expression in RON knockdown tumors was confirmed by immunohistochemistry using an antibody to RON; however, MET was highly expressed in the same tumors from the RON knockdown group ([Figure 3c](#fig3){ref-type="fig"}).

Knockdown of RON enhances HGF/MET signaling
-------------------------------------------

Our *in vivo* studies indicate that MET remains highly expressed in RON knockdown tumors, suggesting that MET signaling may contribute to tumorigenic properties of RON knockdown cells. MSP/RON and HGF/MET signaling was further compared in control and RON knockdown BxPC-3 and CFPAC-1 cells. Cells were serum deprived overnight and then stimulated with MSP for different time periods and immunoprecipitation was performed with an anti-phosphotyrosine antibody. MSP-induced phosphorylation of RON was significantly suppressed in BxPC-3 cells where RON was knocked down ([Figure 4a](#fig4){ref-type="fig"}). The phosphorylation of AKT and ERKs, two downstream targets of RON, was also inhibited in Bx/shRON cells. Unlike BxPC-3 cells, MSP caused only delayed phosphorylation of AKT and ERKs in RON knockdown CFPAC-1 cells compared with their vector control cells ([Figure 4b](#fig4){ref-type="fig"}). The delayed activation of downstream signaling in CF/shRON cells could be due to cell type differences. In contrast, cells stimulated with MET ligand, HGF, induced a stronger or prolonged phosphorylation of MET^Y1234/1235^ and its downstream targets, ERKs and AKT in both BxPC-3 and CFPAC-1 cells where RON was knocked down ([Figure 4c](#fig4){ref-type="fig"}). Immunoprecipitation studies revealed that RON and MET were co-associated and that MSP induced a transphosphorylation of MET^Y1234/1235^ in BxPC-3 cells where RON is highly expressed ([Figure 4d](#fig4){ref-type="fig"}). As anticipated MSP induced a lower level of phosphorylation of MET in RON knockdown cells ([Figure 4d](#fig4){ref-type="fig"}), suggesting that RON could form a heterodimer with MET and transphosphorylate MET upon MSP stimulation. Unlike the effect seen with MSP treatment, HGF stimulation only phosphorylated MET^Y1234/1235^ but did not transphosphorylate RON or induce MET and RON dimerization ([Figure 4d and e](#fig4){ref-type="fig"}). This suggests that MET may preferentially homodimerize when receptors are expressed in similar levels.

MET inhibition blocks HGF-induced invasion
------------------------------------------

To determine whether MET signaling may contribute to tumor progression in RON knockdown cells, we utilized small molecule MET inhibitor, PHA-665752, to block HGF/MET signaling pathway. Cell growth, clonogenicity and invasiveness were compared in cells where RON is expressed or was knocked down. Treatment of cells with an MET inhibitor, PHA-665752, at lower doses (⩽0.5 μ[M]{.smallcaps}) did not significantly affect cell growth and colony formation and at higher concentration (⩾1.0 μ[M]{.smallcaps}) caused cell death in both RON expressing and RON knockdown cells (data not shown). Next, *in vitro* Matrigel invasion assay was performed in Bx/vector and Bx/shRON cells. As anticipated, knockdown of RON inhibited MSP-induced invasion, but did not prevent HGF stimulated invasion ([Figure 5a](#fig5){ref-type="fig"}). Interestingly, treatment with PHA-665752 had little effect on cell growth and colony formation; however, treatment with 0.5 μ[M]{.smallcaps} of PHA-665752 significantly blocked HGF-induced cell invasion of both RON expressing and RON knockdown cells and a more potent inhibition was seen for RON knockdown cells ([Figure 5a and b](#fig5){ref-type="fig"}). PHA-665752 also partially inhibited MSP-induced invasion in RON expressing cells. In agree with that reported by Christensen *et al.*,^[@bib5]^ this compound also inhibited RON kinase activity at higher concentration (cellular IC~50~ as 0.9 μ[M]{.smallcaps}). Efficacy of PHA-665752 inhibiting phosphorylation of MET^Y1234/1235^ and downstream target AKT is shown in [Figure 5c](#fig5){ref-type="fig"}.

Discussion
==========

Long-term survival for patients with PDAC has improved little over the past decade. This has led to clinical trials with agents that target pathways that are aberrantly activated in PDAC in combination with conventional chemotherapy.^[@bib29],\ [@bib30]^ Traceva, an epidermal growth factor receptor (EGFR) kinase inhibitor, was approved for use in pancreatic cancer on the bases of a modest increase in 6-month survival.^[@bib31]^ This modest response with Traceva suggests that molecules other than EGFR, including other receptor kinases, may be important drivers of cancer cell survival in PDAC. One such potential target is RON receptor tyrosine kinase that is overexpressed in many PDAC cell lines and tumor specimens.^[@bib25]^ *RON* is a member of the *MET* family and we report here that RON and MET are often co-expressed in PDAC. RON and MET may have different as well as overlapping functions. Both RON and MET are involved in cancer cell migration, invasion, metastasis, as well as in apoptotic resistance.^[@bib32],\ [@bib33],\ [@bib34]^ Studies indicate that RON and MET form both homo- and heterodimers although, whether there are differences in downstream targets activated by homo- versus heterodimers for RON and MET have not been thoroughly investigated.^[@bib23]^ Moreover, it is not known whether targeting RON or MET alone may induce compensation through the other receptor kinases. In the current study, *in vitro* cell models and an orthotopic mouse model were used (1) to assess the effects of inhibiting RON on MET expression and signaling and (2) to determine whether inhibiting RON was sufficient to prevent invasive properties of PDAC.

In agreement with previous studies that RON was overexpressed in the majority of PDAC,^[@bib25],\ [@bib27]^ we found that five of seven PDAC cell lines examined showed high expression of RON and co-expressed MET. The influence of RON on tumor progression in context with MET signaling is not known. RON was knocked down in two of the cell lines that showed co-expression of RON and MET (BxPC-3 and CFPAC-1). Interestingly, there was a subtle increase in MET expression in RON knockdown cells compared with the control cells, suggesting that MET may compensate for loss of RON.

Several *in vitro* and pre-clinical studies have investigated the potential of targeting of RON for therapy of pancreatic cancer. O\'Toole *et al.*^[@bib35]^ showed that treating mice with neutralizing antibodies to RON inhibited pancreatic xenograft tumor growth by 50% and when combined with the EGFR inhibitor, Erbitux, further tumor regression was observed. Logan-Collins recently reported that silencing RON in pancreatic murine xenograft model suppressed tumor growth and increased sensitivity to gemcitabine. However, some tumors escaped from increased sensitivity to gemcitabine induced by targeting RON,^[@bib26]^ although the mechanism by which this occurs is not fully understood. *In vitro* and *in vivo* animal studies suggest that targeting RON may prevent invasion and inhibit metastasis.^[@bib26],\ [@bib27],\ [@bib35]^ In agreement with these studies, the data presented here show that knockdown of RON inhibited cell growth and colony formation *in vitro* and inhibited tumor growth and metastasis at week 7 in the BxPC-3 orthotopic pancreatic tumor model used here, suggesting that RON is a viable target independent of whether MET is co-expressed. The studies were repeated for confirmation and also for determining long-term effects of inhibiting RON on tumor progression. Our study demonstrates that knockdown of RON slows tumor growth but it does not prevent tumor progression and metastasis over time. Although delayed by up to 2 weeks, RON knockdown mice developed similar invasiveness and metastasis to the control group. RON expression remained suppressed in tumors from RON knockdown cells; however, MET expression was high or upregulated in RON knockdown tumors suggesting that MET may have compensatory effects. The mechanisms of upregulation of MET in RON knockdown tumors are currently not clear. Ide *et al.*^[@bib36]^ showed that hypoxia drives MET expression in tumor-stromal cells and activation of paracrine HGF/MET signaling in pancreatic cancer and Qian *et al.*^[@bib37]^ reported that cultured pancreatic cancer cells increased MET expression following radiation treatment. These studies suggest that targeting a specific growth factor receptor may induce physiologic stress that in turn causes tumor cells to activate alternative growth/survival pathways.

Receptor cross-talk or synergies in downstream signaling have been reported.^[@bib38],\ [@bib39]^ ERKs and AKT are known to be common and key downstream effector molecules of RON and MET that promote cell growth and survival.^[@bib23],\ [@bib40]^ It is of interest that knockdown of RON in cells inhibited or delayed MSP, a ligand specific for RON, induced activation of ERKs and AKT. However, knockdown of RON enhanced and prolonged HGF-induced activation of ERKs and AKT. MSP and HGF are known to affect cell growth and migration/invasion, and it is believed that cancer cells expressing RON or MET are prone to tissue invasion and metastasis.^[@bib32],\ [@bib33]^ The ability of HGF/MET to induce metastasis in different organs has been shown experimentally with xenografts of tumor cells that are transfected with HGF or MET, as well as in transgenic mice that overexpress HGF or MET.^[@bib41],\ [@bib42],\ [@bib43]^ A role for MET in metastatic progression has also been established in patients with head and neck cancer.^[@bib44]^ We observed that MET was highly expressed or upregulated in RON knockdown tumors and that MSP could cause the transphosphorylation of MET *in vitro*. In tumor microenvironments, both autocrine and paracrine MSP and HGF could activate MET signaling, which favors tumor cell growth and migration/invasion. In this study, we show that MET inhibitor PHA-665752 had little effects on cell growth and colony formation using *in vitro* cultures; however, PHA-665752 caused a significant inhibition of cell invasion induce by HGF and to a lesser extent inhibition induced by MSP as determined by Matrigel invasion assays. These results suggest that HGF/MET signaling may have a more important role in tumor cell invasion and metastasis rather than in tumor cell proliferation.

Activation of tyrosine kinase receptors is based on the ligand-induced dimerization of receptors that leads to transphosphorylation and activation of the intracellular kinase domain with subsequent signal transduction and pathway activation. The formation of homodimers represents the basic mechanism that triggers signaling cascade. The ability to form heterodimers was found between members of the same receptor family, in particular, heterodimerization between EGFR and other erbB family members.^[@bib45],\ [@bib46]^ In some cases, the formation of heterodimer results in more efficient signaling, such as the expanded signaling capacity of the ErbB2/ErbB3 heterodimer.^[@bib47]^ By using immunoprecipitation, we demonstrated the formation of heterocomplexes between RON and MET, which suggests cross-talk between these two receptor kinases. The formation of heterocomplexes and transphosphorylation between MET and RON may lead to reciprocal regulation of the kinase activity. A recent study by Benvenuti *et al.*^[@bib24]^ showed that RON is specifically transphosphorylated by activated MET in *MET* addicted cancer cells. We show here that MSP stimulation induces phosphorylation of RON and transphosphorylation of MET, suggesting that reciprocal regulation of these two receptor kinases may be the cell context dependent. In this study, the limited efficacy for suppressing tumor progression by knockdown RON could arise from unblocked MET signaling. In cells where RON was knocked down, a stronger and prolonged activation of ERKs and AKT was observed in PDAC cells stimulated with HGF. In addition to the interaction of MET with RON, MET is reported to interact with other phosphotyrosine kinases, such as EGFR and insulin-like growth factor receptor.^[@bib38],\ [@bib48]^ The activation of multiple pathways may also contribute to tumor progression in RON knockdown tumors. Further studies are needed to define the role of the interaction of RON with other phosphotyrosine kinases. The co-expression of RON and MET and their abilities to function as homodimer or heterodimer suggest that it is not sufficient to specifically target only one of these receptors. Rather, this suggests that MET should also be targeted in PDAC that co-express both receptors.

This study revealed for the first time that blocking RON delays but does not prevent tumor progression and metastatic disease. Upregulation of MET in RON knockdown tumors and increased HGF/MET signaling in RON knockdown cells could contribute to metastatic progression of these tumors. The complexity of the signaling network in tumors implies that interfering with a single component of the network will not be sufficient for a targeted therapy. Combined or multi-targeted therapies will likely be preferable strategies for the successful treatment of pancreatic cancer.

Materials and methods
=====================

Cell culture and treatment
--------------------------

Human PDAC cell lines BxPC-3, Canpan-2, MIA PaCa-2, CFPAC-1, PANC-1 and AsPC-1 were from American Type Culture Collection (ATCC, Rockville, MD, USA); UK Pan-1 was established in our laboratory.^[@bib49]^ Cells were maintained in medium as recommended and supplemented with 10% fetal bovine serum. Human recombinant MSP and HGF were purchased from R&D Systems (Minneapolis, MN, USA). pSuper-shRNA-RON plasmid was kindly provided by Jenny Wang (University of Nebraska Medical Center, Omaha, NE) and PMMP-luciferase plasmids were from Ricardo Aguiar (University of Texas Health Science Center, San Antonio, TX). The plasmids were transfected into human embryonic kidney 293T amphotropic packaging cells (ATCC) using FuGENE 6 (Roche Applied Science, Indianapolis, IN, USA) according to the manufacturer\'s protocol. Cells were then infected with retroviral medium from the packaging cells 48 h after transfection. The stable clones were selected with 1 μg/ml puromycin for shRNA RON expression or 300 μg/ml G418 for luciferase expression. Expression levels of RON were determined by western blotting analysis and quantitative RT--PCR. The expression of luciferase was determined using the luciferase assay kit (Promega, Madison, WI, USA).

MTT assay
---------

Cell proliferation was determined by MTT assays. Briefly, 1000 cells/well were seeded in 96-well plates. At the indicated time points, cells were incubated 0.5 mg/ml MTT (3-(4,5 dimethylthiazol-2-yl)-2,5-di-phenyltetrazolium bromide, Sigma, St Louis, MO, USA) media for 2 h and the dye was dissolved in DMSO. The absorbance was taken at 562 nm using a VersaMax Microplate Reader (Molecular Devices, Sunnyvale, CA, USA)

Clonogenicity assay
-------------------

Single-cell suspension was plated at a density of 50, 250 and 500 cells per 6 cm^2^ dish and cultured for 2 weeks. The cells were then fixed and stained with 0.1% crystal violet/40% methanol and colonies⩾1 mm were counted.

Matrigel invasion assay
-----------------------

Cell invasion was analyzed by *in vitro* Matrigel invasion assays according to the manufacturers\' protocols. Briefly, 3 × 10^4^ cells/well (6 × 10^4^ cells/well for the images) were plated in 24-well Matrigel invasion chambers (BD Biosciences, Bedford, MA, USA) in 0.5 ml of serum-free medium. The outer chambers contained 0.7 ml of 10% fetal bovine serum medium. Cells were treated with 200 ng/ml of MSP or 50 ng/ml of HGF in the presence or absence of 0.5 μ[M]{.smallcaps} MET inhibitor, PHA-665752 (TOCRIS, Bioscience, Ellisville, MO, USA). After 24 h of incubation, cells on the top surface of the membrane were gently removed with cotton swabs. The cells invaded to the undersurface of the membrane were fixed in 70% ethanol and stained with 0.1% crystal violet. Invaded cells were then counted under light microscope.

Western blotting and immunoprecipitation
----------------------------------------

Whole cell lysates were obtained in Laemmli\'s sample buffer and western blotting analysis was performed using standard methods. For immunoprecipitation, cells were lysed in lysis buffer (50 m[M]{.smallcaps} HEPES, pH 7.4, 150 m[M]{.smallcaps} NaCl, 10% glycerol and 1% Triton X-100) with phosphatase and proteinase inhibitors (1 m[M]{.smallcaps} EDTA, 1 m[M]{.smallcaps} sodium orthovanadate, 10 m[M]{.smallcaps} sodium pyrophosphate, 100 m[M]{.smallcaps} NaF, 10 mg/ml leupeptin, 10 units/ml aprotinin, 1 m[M]{.smallcaps} phenylmethylsulfonyl fluoride) and 500 μg of cell lysate was subjected to immunoprecipitation with indicated antibodies. Antibodies against RON-β and MET were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-MET, anti-phospho-Erk1/2 and anti-phospho-AKT were purchased from Cell Signaling (Beverly, MA, USA). Anti-phospho-Tyr (4G10) was from Upstate Biotechnology (Lake Placid, NY, USA).

Quantitative RT--PCR
--------------------

Total RNA was isolated from cells using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). In all, 100 ng of total RNA was subjected to reverse transcription and real-time PCR was performed with SYBR Green PCR mix (Bio-Rad, Life Sciences, Hercules, CA, USA) according to the manufacturer\'s instruction. The primer sequences for RON were described elsewhere.^[@bib18]^ β-Actin mRNA was amplified simultaneously for an endogenous control.

Orthotopic pancreatic cancer mouse model
----------------------------------------

Four- to five-week-old athymic nude mice were from Harlan Corp (Kansas City, KS, USA). Mice were housed and maintained in accordance with the standards of The University of Texas Health Science Center Animal Care and Use Committee. Cells were grown to 80% confluence, trypsinized and resuspended in phosphate-buffered saline. In all, 1 × 10^6^ cells/50 μl were injected into the tail of the pancreas of anesthetized mice. For the luciferase expression tumors, the tumor growth and metastasis were monitored every 2 weeks by bioluminescent imaging using the IVIS Imaging system (Caliper LifeSciences, Hopkinton, MA, USA) at Optical Imaging Facility Core of University of Texas Health Science Center (San Antonio, TX). Six to seven weeks after implantation, the mice showing stress signs were euthanized. During necropsy, mice were evaluated grossly and histologically for the evidence of tumor invading and metastasizing into the peritoneum and liver.

Histopathology and immunohistochemistry
---------------------------------------

Paraffin-embedded primary tumor and liver sections were stained with H&E and immunohistochemistry of RON-β and MET was performed with antibodies described above in the Histology and Pathology Laboratory (University of Texas Health Science Center, San Antonio, TX). The primary tumors and liver metastases were examined under the light microscopy.

Statistical analysis
--------------------

Statistical analysis was performed using the GraphPad InStat software (GraphPad Software, Inc., La Jolla, CA, USA). The significance of differences among groups was determined by one-way ANOVA, *t* test or Fisher\'s exact test accordingly. Statistically significance was considered as *P*-value\<0.05.
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![Knockdown of RON inhibits cell growth and clonogenicity. (**a**) Expression level of RON-β and MET protein from normal pancreatic ductal cell line (HPNE) and PDAC cell lines were analyzed by western blotting. (**b**) RON-β and MET expression levels were analyzed by western blotting (left) and quantitative RT--PCR (right) in RON knockdown clones (shRON cl.1 and shRON cl.2) and vector control cells. (**c**) 1000 cells per well were seeded in 96-well plates and cell proliferation rates were determined by MTT assay at indicated time points. Bars represent s.d. of six replicates. (**d**) Clonogenicity assays were performed as described previously.^[@bib50]^ Briefly, cells were seeded at 50, 250 and 500 cells per 6 cm^2^ dish and cultured for 2 weeks. The cells were stained with crystal violet and colonies were counted. The data were presented as mean±s.d. of experiments performed in triplicates. \**P*\<0.05 and \*\**P*\<0.01 compared with their vector controls, respectively. (**e**) 3 × 10^4^/well cells were seeded in 24-well Matrigel invasion chambers and treated with 200 ng/ml of MSP for 24 h. Invaded cells were counted under microscope and the data represent mean±s.d. from triplicate experiments. \**P*\<0.05 and \*\**P*\<0.01 compared with their vector controls, respectively.](oncsis201336f1){#fig1}

![Knockdown of Ron suppresses tumor growth and delays metastasis. 1 × 10^6^ Bx/vector and Bx/shRON cl.1 cells were implanted into the tail of pancreas of nude mice. Primary tumors and metastases were examined grossly and pathologically at 6--7 weeks after implantation. (**a**) Images of primary tumors (left) from Bx/vector and Bx/shRON cells and the distribution of tumor weights (right) from mice implanted with Bx/vector and Bx/shRON cells. The mean (*n*=15) of each group is represented by a horizontal line. (**b**) Representative photos show a normal liver from a mouse implanted with Bx/shRON cells and metastases to the liver from a mouse implanted with BxPC-3 vector control cells. The photos of H&E stained tissue sections show a tumor-free area of the liver, tumor infiltration into liver vessels (LVs) and metastases to a surrounding lymph node (LN) from Bx/vector tumors. The table summarized the total metastases of each group. (**c**) Representative photos of H&E stained Bx/vector and Bx/shRON tumors. (**d**) Immunohistochemistry staining of RON-β and MET of the orthotopic tumor section from Bx/vector and Bx/shRON cells. MET expression remains high in tumors generated from Bx/shRON cells.](oncsis201336f2){#fig2}

![Knockdown of RON delays but does not prevent tumor progression and metastasis. (**a**) Representative luciferase images of mice at 1, 3, 5 and 7 weeks after orthotopically implanted with Bx/vector-Luc or Bx/shRON-Luc cells. (**b**) Representative luciferase images of mice at week 9 after implanted with Bx/shRON-Luc cells. (**c**) Immunohistochemistry staining of RON-β and MET of the primary tumor sections from Bx/shRON cells at week 9 after implantation. RON remains low, but MET is highly expressed in these tumors.](oncsis201336f3){#fig3}

![Knockdown of RON enhances HGF/MET signaling. Subconfluent cells were serum starved for 16 h and stimulated with 200 ng/ml of MSP or 50 ng/ml of HGF for the indicated time periods (for 30 min in **d** and **e**). (**a**, **b**) Cells were stimulated with MSP. (**a**) 500 μg of total cell lysates was subjected to immunoprecipitation using anti-phospho-tyrosine (4G10) monoclonal antibody and MSP-induced phosphorylation of RON-β was detected with anti-RON-β antibody. (**b**) Cell lysates (40 μg) were analyzed by western blotting and phosphorylation of AKT and ERK1/2 was detected with indicated antibodies. β-Actin was used for the protein loading control. (**c**) Cells stimulated with HGF. Cell lysates (40 μg) were analyzed by western blotting for phosphorylated forms of MET, AKT and ERK1/2 using the indicated antibodies. β-Actin was used for the protein loading control. (**d**) 500 μg of cell lysates was subjected to immunoprecipitation with anti-RON-β antibody. MSP-induced phosphorylation of MET was detected by phospho-MET antibody. Co-association of MET with RON-β was detected with MET antibody. (**e**) 500 μg of cell lysates was subjected to immunoprecipitation with anti-phospho-tyrosine (4G10) antibody. The phosphorylation of RON-β or MET was detected with indicated antibodies.](oncsis201336f4){#fig4}

![MET inhibition blocks HGF-induced cell invasion. Bx/vector and Bx/shRon cells were seeded in 24-well Matrigel invasion chambers and treated with 200 ng/ml of MSP or 50 ng/ml of HGF for 24 h in the presence or absence of 0.5 μ[M]{.smallcaps} MET inhibitor PHA-665752. (**a**) Representative images of Matrigel invasion assays (6 × 10^4^ cells/well plated). (**b**) The quantitative graph of invasion assays (3 × 10^4^ cells/well plated). The data represent mean±s.d. from repeated duplicate experiments. \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001 compared with Bx/vector control; ^\#\#\#^*P*\<0.001 compared with Bx/shRon control. (**c**) Subconfluent BxPC-3 cells were serum starved for 16 h and pretreated cells with different doses of PHA-665752 for 4 h, then stimulated with 50 ng/ml of HGF for 30 min. Cell lysates were analyzed by western blotting. Inhibition of phosphorylation of MET and AKT by PHA-665752 was detected with phos-MET^Y1234/1235^ or phos-AKT antibodies, respectively.](oncsis201336f5){#fig5}
